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Nanotechnology-based platforms for the high-throughput,

multiplexed detection of proteins and nucleic acids in

heretofore unattainable abundance ranges promise to bring

substantial advances in molecular medicine. The emerging

approaches reviewed in this article, with reference to their

diagnostic potential, include nanotextured surfaces for

proteomics, a two-particle sandwich assay for the biological

amplification of low-concentration biomolecular signals, and

silicon-based nanostructures for the transduction of molecular

binding into electrical and mechanical signals, respectively.
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Introduction
As medicine steadily progresses toward diagnostics based

onmolecular markers, and highly specific therapies aimed

at molecular targets, the necessity for high-throughput

methods for the detection of biomolecules, and their

abundance, concomitantly increases. Technology plat-

forms that provide the reliable, rapid, quantitative, low-

cost and multi-channel identification of biomarkers such

as genes and proteins are de facto the rate-limiting steps for
www.sciencedirect.com
the clinical deployment of personalized medicine [1], in

domains such as the early detection and the treatment of

malignant disease. Early detection is particularly impor-

tant in the case of cancer and other pathologies, because

the early stages of disease are typically treated with the

greatest probability of success.

The repeated screening of large populations for signs of

precancerous developments, or the establishment of early

malignant lesions is only conceivable in the context of the

analysis of biological fluids such as blood, urine and

sputum samples. To date, this has been impossible,

largely because there are no contemporary approaches

for the reliable, quantitative detection of multiple low-

abundance protein markers, comprised within a formid-

able complexity of diverse biomolecular species in each

bio-fluid specimen.

Nanotechnology offers promise, as a broad spectrum of

highly innovative approaches emerges for the overcoming

of this challenge [2,3�,4–11]. Four emerging approaches

are reviewed below: nanostructured surfaces for the

enhancement of proteomic analysis via mass spectrome-

try (MS) and reverse-phase protein microarrays; the

bio-bar code method for the amplification of protein

signatures via the use of two-particle, sandwich assay;

nanowires as biologically gated transistors, transducing

molecular binding events into real-time electrical signals;

and silicon cantilevers for the mechanics-based recogni-

tion of biomolecular populations.

Nanostructured surfaces for proteomic
analyses via MS and reverse-phase protein
microarrays
MS is currently the gold standard for the protein expres-

sion profiling of biological fluids and tissues [12–14], with

mounting evidence that matrix-assisted laser desorption/

ionization time-of-flight (MALDI-TOF) MS can be

employed for the early detection of malignant disease.

Current limitations of this approach include the complex-

ity and reproducibility of the 2-D gel electrophoresis pre-

fractionation steps required for its implementation on

biological fluids. It is also recognized that the number

of different biomolecular species in the plasma proteome

probably exceeds 300 000, and could be as high as 106,

with differences of as many as 12 orders of magnitude in
Current Opinion in Chemical Biology 2006, 10:11–19



12 Proteomics and genomics
relative abundances. It is hypothesized that the low

molecular weight proteome (LMWP), comprising proteo-

lyic fragments at extremely low concentration, contains a

wealth of information of diagnostic and prognostic utility

[15]. Current MS methodologies do not enable the rou-

tine profiling of the LMWP.

The physico-chemical modification of nanoscale domains

(‘nanotexturing’) on an MS planar or nanoparticle sub-

strate has been proposed (Terracciano R et al. and Gaspari

M et al., unpublished data) with the objective of the

size-exclusion-based, elective capture and enrichment

of selected regions of the LMWP from body fluids. In

proof-of-principle validation experiments, silicon oxide

particles, obtained starting from silica gels, and silicon

chips coated with a 500 nm-thick nanoporous film were

challenged with a human plasma-diluted sample.

MALDI-TOF analysis was then performed, as a means

of detecting and assessing the extracted proteins

(Figure 1).
Figure 1

Procedures for LMW plasma/serum protein harvesting. (a) Capturing strateg

nanoparticles and adsorption of LMW proteins; (ii) Centrifugation and separ

from nanoparticles; (iv) LMW proteins are recovered, followed by MALDI-TO

(i) Incubation of serum/plasma with nanoporous silicon/silica film; (ii) Washin

appropriate extraction solutions; (iv) MS analysis.
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Spiking experiments performed by adding peptide stan-

dards to human plasma at different concentrations

showed that a MALDI-TOF signal can be detected from

peptide amounts down to the ng/ml range (Figure 2).

This demonstrates the effectiveness of silica platforms for

increasing the sensitivity of MS analysis (roughly 400-

fold). The selective enrichment achieved by the use of

the different nanostructured surfaces depends on the pore

size, the fabrication procedure and the experimental

conditions, and represents a powerful tool to further

improve the selectivity of peptide harvesting. Moreover,

chemical and/or structural modifications of the surface

of the silica substrate contribute to the ‘tailoring’ of

the device for selective enrichment of specific protein/

peptide classes.

High-throughput MALDI-TOF MS analysis of LMW-

enriched serum/plasma is an attractive strategy to rapidly

and efficiently screen and profile a large number of

samples, in the search for disease-related biomarkers.
y on silica nanoparticles. (i) Incubation of human plasma with silica

ation of plasma from nanoparticles; (iii) Extraction of LMW proteins

F analysis. (b) Capturing strategy on nanoporous surfaces.

g of unbound substances; (iii) Release of LMW proteins/peptides by

www.sciencedirect.com
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Figure 2

Mass spectrum (m/z range 1100–3500) of LMW peptides extracted by nanoporous harvesting of 10 ml of a human plasma sample. Standard

peptides substance P and angiotensin I were spiked into plasma at 50 ng/ml level.
A second application of surface nanotechnology for bio-

molecular profiling pertains to reverse-phase protein

microarrays (RPMA). These arrays enable the high-

throughput screening of post-translational modifications

of signaling proteins within diseased cells [16]. One

limitation of protein-based molecular profiling is the lack

of a PCR-like intrinsic amplification system for proteins.

For this reason, the enhancement of microarray sensitiv-

ities is an important goal, especially because many mole-

cular targets within patient tissues are of low abundance.

Quantum dots are possible reporter agents because of

their multiplexing potential and their potential for

increased sensitivity [17]. The intrinsic fluorescent prop-

erties of nitrocellulose-coated glass slides limit the ability

to image microarrays for extended periods of time where

increases in net sensitivity can be attained. Silicon, with

low intrinsic autofluorescence, has been explored as a

potential microarray surface (Nijdam AJ et al., unpub-
lished data). Through semiconductor etching techniques,

large surface areas can be created on silicon to enhance

protein binding. Further, via chemical modification,

reactive groups have been added to the surfaces. Using

this combinatorial method of surface roughening and

surface coating, the silicon surfaces were shown to trans-

form native silicon into a protein-binding substrate com-

parable to nitrocellulose. The combination of equivalent

protein-binding capabilities, with much lower autofluor-

escence indicates that nanotextured silicon may prove to

be a superior alternative to nitrocellulose as an RPMA

substrate.
www.sciencedirect.com
The bio-bar-code assay
The bio-bar-code assay (Figure 3) is a powerful amplifi-

cation and detection system for nucleic acids and proteins

[3�,18–21]. It utilizes two types of particles to accomplish

sample purification, detection and amplification. The first

is a microparticle with a recognition agent. In the case of

nucleic acids, the recognition agent is an oligonucleotide

that is complementary to a statistically unique region of a

target [19]. In the case of proteins, the recognition agent is

a monoclonal antibody [3�]. The second particle is a

nanoparticle with a recognition agent that can sandwich

the target with the microparticle. The recognition agent

can be either a polyclonal antibody in the case of a protein

target or a complementary oligonucleotide in the case of a

nucleic acid. In addition, the nanoparticle carries with it

hundreds of oligonucleotides referred to as bar-codes.

The bar-codes typically comprise 15–20-mer oligonucleo-

tides, allowing the user to pair a unique bar-code with

every conceivable recognition agent, since for a 20-mer,

there are 420 unique combinations. Once the two particles

have sandwiched a target, a magnetic field can be used to

separate the complexed target from the sample solution.

Release of the barcodes in buffer is effected chemically

(e.g. by dithiothreitol, DTT [20]) or by heating the

solution [22–24], and the barcodes are then identified

with a high sensitivity detection system. Thus far, scano-

metric [4] (Figure 3) and in situ fluorescence-based

approaches have been used, but in principal any reason-

able high sensitivity readout mechanism can be coupled

to the system. The scanometric method has provided the
Current Opinion in Chemical Biology 2006, 10:11–19
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Figure 3

General bio-bar-code assay scheme. A magnetic probe captures a target using either monoclonal antibody or complementary oligonucleotide.

Target-specific gold nanoparticles sandwich the target and account for target identification and amplification. The bar-code oligonucleotides are

released, and detected using the scanometric method. The target can be DNA, RNA or Protein. The Verigene IDTM is a commercial instrument

(Nanosphere Inc., Northbrook IL; http://www.nanosphere-inc.com).
lowest limit of detection to date for both nucleic acid

(high zeptomolar, 10�21 M) [19] and protein targets (low

attomolar, 10�18 M) [3�]. The speed and high sensitivity

of the bio-bar-code assay derives from three unique

features. First, it has very efficient, homogeneous target

capture, as opposed to slow surface capture on a plate.

Even with weak target-binding antibodies, the equili-

brium can be pushed to complexation by increasing the

concentration of the particle probes. Second, it has good

amplification through a high ratio of barcode to target

recognition element. Finally, it has high sensitivity bar-

code sorting and sensing capabilities through the chip-

based scanometric method.

The barcode detection system allows one to detect

nucleic acids close to the sensitivity of PCR without

the need for complicated enzymatic processes, and can

be viewed as a potentially more efficient alternative to

PCR that will soon be available for widespread use in
Current Opinion in Chemical Biology 2006, 10:11–19
research and clinical applications. Although alternatives

to PCR are important, the barcode assay is likely to have

its most significant scientific and clinical impact in protein

marker-based diagnostics. It is up to 106 times more

sensitive than ELISA-based technology, offering

researchers and clinicians at least three major opportu-

nities: (1) the ability to use new markers for diagnosing

many types of diseases that could not be considered with

conventional technology because of a lack of sensitivity;

(2) the ability to look at known disease markers via less

invasive means; and (3) the ability to use existing markers

to evaluate disease recurrence. An example is the use of

the barcode assay to identify amyloid-derived diffusible

ligands (ADDL, a marker first linked to Alzheimer’s

disease through studies of the brain) in cerebral spinal

fluid samples of subjects afflicted with the disease [21].

This was the first time the ADDLs were identified in

fluids outside of the brain and, importantly, preliminary

data showed a correlation between ADDL concentration
www.sciencedirect.com
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Figure 4

Biomolecule detection technology. The bio-barcode assay provides access to a target concentration range well below that of conventional

ELISAs. This ultra-sensitivity provides the ability to utilize new markers for disease screening in biodiagnostics.
and progression of the disease. The barcode assay has also

been used to develop high sensitivity serum-based prion

detection systems for bovine spongiform encephalopathy

(‘mad cow disease’). Finally, it is being evaluated as a

potential tool for studying recurrence in prostate cancer

patients. The rationale for the application of the bar-code

assays is that patients who have had their prostates

surgically removed should have exceedingly low prostate

specific antigen (PSA) levels (significantly belowwhat can

be detected with conventional diagnostic tools), and if the

cancer is recurring, the barcode assay will be able to

identify the rise in PSA well before conventional tests,

thereby potentially increasing the breadth of successful

treatment options. It is projected that the barcode assay

and variations on it will redefine several aspects of mod-

ern biodiagnostics for many types of cancer, heart disease,

HIV, and neurodegenerative diseases such as Alzheimer’s

disease and Parkinson’s disease (Figure 4).

Nanowires: label-free electronic sensors of
genes and proteins
Nanowire sensors operate on the basis that the change in

chemical potential accompanying a target/analyte binding

event, such as DNA hybridization [8], can act as a field-

effect gate upon the nanowire, thereby changing its con-

ductance. This is similar, in principle, to how a field-effect

transistor operates. The ideal nanowire sensor is a lightly

doped, high-aspect ratio, single-crystal nanowire with a

diameter between 10 nm and 20 nm. If it is much smaller,

it will be too noisy a sensor, and if it is much larger, it is not

as sensitive. Even exotic lithographic patterning methods,

such as electron beam lithography, cannot produce such

small width, high aspect ratio semiconductor structures
www.sciencedirect.com
[25]. Thus, materials methods have been employed to

grow nanowires, which are then assembled, using various

fluidics approaches, into individual devices.Most recently,

a patterning method, called superlattice nanowire pattern

transfer, or SNAP [26], has been demonstrated as capable

of producing large arrays of silicon nanowires (Figure 5a)

with excellent conductivity characteristics [27].

One compelling advantage of nanowire sensors is that the

number and density of the sensor elements is limited only

by the ability to electronically address individual nano-

wires. Very dense nanowire sensor circuits may be

addressed. Thus, large-scale circuits can, in principle,

be constructed within very small (microfluidics) environ-

ments, thereby enabling measurements of large numbers

of different genes and proteins from very small tissue

samples, or even single cells [1]. The potential for both

biological research and clinical applications is large. How-

ever, encoding the individual nanowires with ssDNA

molecules or protein capture agents represents a serious

challenge. Electrochemical methods [28] have been

applied to encoding the surfaces of electronically selected

nanowires with proteins [9]. Such methods are, again,

only limited by the ability to electrically address the

nanowire sensors, and so can lead to very dense sensor

libraries. For protein detection, biofouling will probably

limit the ultimate library size that can be constructed.

Also, for protein detection in typical environments such as

serum or tissue culture media, either the ionic strength of

the media must be greatly reduced, or small molecular

protein capture agents must be utilized instead of anti-

bodies. This is because Debye screening in 0.14 M elec-

trolyte will effectively shield the nanosensor from
Current Opinion in Chemical Biology 2006, 10:11–19
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Figure 5

Silicon nanowire sensors for real time, electronically transduced, label-free biomolecular detection in electrolyte. (a) An electron micrograph of

SNAP-fabricated silicon nanowire sensors. The nanowires in this image are 14 nm wide. For actual sensing measurements, the metal contacts

(patterned by electron beam lithography) are coated with silicon nitride, varying numbers of nanowires (5–10) are contacted per sensing element,

and the sensing circuit is entrained in a microfluidics environment. (b) Sensing results from n-type (top) and p-type Si nanowire sensors, demonstrating

sensitivity in the attomolar (10�18 M) range in 1 � SSC buffer (0.15 M NaCl, 0.15 M sodium citrate, pH 7.0). The y-axis (time) is 0–600 s for n-type

sensors and 0–1400 s for p-type sensors. The nanowire sensing elements were coated with ssDNA, and complementary (or non-complementary)

ssDNA oligonucleotides, in 0.15 M electrolyte, were flowed over the nanosensors using microfluidics. The various points indicated are: n1 = 220

attoM cDNA; n2 = 22 femtoM cDNA; n3 = 2.2 pM cDNA; n4 = 220 pM cDNA; pC = 22 nanoM non-complementary ssDNA; p1 = 220 attoM cDNA;

p2 = 22 femtoM cDNA; p3 = 2.2 pM cDNA. Inset: Both p- and n-type nanosensors exhibit sensitivity over a broad dynamic range, although their

response scales logarithmically with concentration.
detecting the protein/antibody binding event for typical

(large molecular weight) antibodies.

Images of, and data from a silicon nanowire sensor library,

prepared using the SNAP process, are reported in

Figure 5. The data demonstrate the broad dynamic range

(106) of sensing the nanowires can attain. They also

indicate the selectivity of these sensors and the possibility

of using p- and n-type devices as a sensing pair for

increased signal to noise. Libraries containing up to 24

individual nanowire sensors have been constructed, and it

should be possible to extend these libraries to 103–105

elements [29], for the purpose of rapid, high-throughput,

highly multiplexed biomolecular detection.
Current Opinion in Chemical Biology 2006, 10:11–19
Cantilevers: nanomechanical detection of
biological molecules
Detection of extremely small forces using micro- and

nanoelectromechanical systems (MEMS and NEMS) is

well established. Recently, it has been demonstrated that

molecular adsorption also results in measurable mechan-

ical forces. Detecting biomolecular interactions by mea-

suring nanomechanical forces offers an exciting

opportunity for the development of highly sensitive,

miniature and label-free biological sensors [11,30]. For

example, micron-sized silicon cantilever beams undergo

bending due to surface stresses created by molecular

adsorption, when adsorption is confined to a single side

of the cantilever. The cantilever beam amplifies the
www.sciencedirect.com
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Figure 6

Nanocantilevers for ssDNA detection. (a) An array of piezoresistive

cantilevers in a fluidic well (Cantion Inc.). The cantilevers are 120 microns

long and are separated by 470 microns. (b) Cantilever surface stress

variation as a function of ssDNA probe (20-mers) immobilization and

hybridization of fully complementary 20-mers using a piezoresistive

cantilever array (taken with a reference cantilever).
forces involved in the adsorption process into nanometer

displacement. A cantilever’s resonance frequency also

varies as a function of molecular adsorption due to mass

loading [31]. The adsorption-induced bending and fre-

quency variation can be measured simultaneously by

using several techniques, such as variations in optical

beam deflection, piezoresistivity, piezoelectricity and

capacitance. Although these motion detection methods

are extensively used with cantilevers, micron and sub

micron cantilevers will require techniques more suitable

for nanoscale measurements such as electron tunneling.

Because of recent advances in lithographic technologies

andmicro- and nano-fabrication techniques, these sensors

can be mass-manufactured on silicon wafers and other

materials in a cost-effective and modular fashion.

Although cantilever sensors are extremely sensitive, they

offer no intrinsic chemical selectivity. Selective chemical

recognition is achieved by affinity binding reactions,

where the cantilever is coated with self-assembled mono-

layers, DNA probes, antibodies or peptides. The canti-

lever-bending mechanical stresses originate from the

free-energy changes induced by specific biomolecular

binding. Non-specific interactions of biomolecules do

not cause cantilever bending (Figure 6).

DNA hybridization on the cantilevers has been exten-

sively investigated by several groups [32,33]. Thiol-mod-

ified ssDNA probes (20-mers) were immobilized on one

side of a cantilever with a vacuum-deposited gold layer of

40 nm thickness. When complementary ssDNA targets

were injected into the liquid cell holding the cantilever

array, the cantilevers with DNA probes underwent bend-

ing caused by hybridization. The extent of cantilever

bending varied as a function of the length of the com-

plementary ssDNA. The cantilever deflection was attrib-

uted to reduction in surface stress due to conformational

changes caused by double-stranded DNA formation

(Figure 6).

The detection of proteins by cantilever nanomechanics

appears to be more challenging, mainly because of the

lack of reproducible and robust immobilization techni-

ques for antibodies. Antigens that have been successfully

detected on cantilevers using immobilized antibodies

include PSA, and the biowarfare agents ricin and tular-

aemia [34,35]. Upon exposure to antigens, the antibody-

immobilized cantilevers undergo bending, with bending

amplitude proportional to concentration and time of

exposure. The biomolecular interaction-induced cantile-

ver bending is irreversible at room temperature.

Mechanical label-free detection, although still in its early

days, has the potential as a platform for sensitive, multi-

plexed sensors for biomolecules. Currently available

micromachining technologies could be used to make

multi-target sensor arrays involving tens of cantilevers
www.sciencedirect.com
and analog processing on a single chip. Increasing the

number of sensing elements in an array can lower noise,

increase selectivity, and enhance robustness. Simplicity,

low power consumption, potential low cost, inherent

compatibility with array designs, and label-free detection

make cantilever sensors very attractive for a variety of

applications.

Several challenges must be overcome before cantilever

array sensors can come into widespread use. More

advances are needed in developing efficient immobiliza-

tion techniques that can transduce the stress involved in

biochemical interaction to the cantilever substrate.

Advances in nanofabrication and nanoscale motion detec-

tion are essential for the viability of nanomechanical
Current Opinion in Chemical Biology 2006, 10:11–19
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detection platforms. Technology for designing electronic

chips is well advanced, but integration of electronic,

mechanical and fluidic designs is still in its infancy,

and efforts are underway to accelerate the design of fully

integrated devices.

Conclusion
Nanotechnology-based platforms offer promise for the

attainment of multiple elusive goals in biomolecular

analysis. Primary examples of emerging approaches

include surface nanotexturing for MS and RPMAs, the

bio-bar code assay, biologically gated nanowire sensors,

and nanomechanical devices such as bio-derivatized can-

tilever arrays. Through their individual or combined uses

it is envisioned that progress will be accomplished in the

high-throughput multiplexing of analyses of nucleic acids

and proteins, resulting in commensurate advances in

medical diagnostics.
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